A quantitative profile of cytochalasin D production by Xylaria arbuscula was followed by growing the fungus in rice, Czapek, Czapek enriched with yeast extract, wheat, and corn. This cytochalasin producer, X. arbuscula, was collected as an endophytic fungus from healthy tissues of Cupressus lusitanica (Cupressaceae). A new HPLC method was developed using a synthetic N-acetyl-L-phenylalanine ethyl ester as internal standard, which showed a good correlation coefficient (r 2 = 0.9995). The results varied from 6.40 to 39.55 mg per 100 g of culture medium, with wheat being the best medium for cytochalasin D production. The level of any free amino acids in the medium, not necessarily phenylalanine, appeared to be an important factor to enhance cytochalasin D biosynthesis.
The cytochalasins are characterized by a highly substituted perhydroisoindole moiety linked to a C 16 -C 18 polyketide ring system bearing a carbocyclic ring, a lactone or a cyclic carbonate moiety. Depending on the amino acid incorporated into the polyketide chain, the hydrogenated isoindolone either bears a benzyl group (cytochalasins [1] , Figure 1 ), a 4-methoxybenzyl group (pyrichalasins [2] ), an indol-3-yl methyl group (chaetoglobosins [3] ), a 2-methylpropyl group (aspochalasins [4] ) or a methyl group (alachalasins [5] ). Beside the unusual structures, cytochalasins also show pronounced biological activities, mainly the ability to cause cells to extrude their nuclei, leading to the formation of nuclei free cells [6] . Other activities include inhibition of HIV-1 protease [7] , antibiotic [8] , cytotoxic [4] , interference with glucose transport [9] , and they may also be involved in the mediation of symbiotic fungus-plant relationships [10] . During studies of endophytic microorganisms associated with healthy leaf tissues of Cupressus lusitanica, some fungal species belonging to the Xylaria genus were isolated. This fungal genus produces a wide range of secondary metabolites, including cytochalasins [11, 12] . One of these fungi, X. arbuscula (coded NICL5), has shown a remarkable ability to produce cytochalasins, mainly cytochalasin D (Figure 1 ) [13] . A quantitative estimation of cytochalasin D production by this Xylaria strain was monitored in different culture media, such as Czapek, Czapek enriched with 2% of yeast extract, rice, corn, and wheat. For these studies, a new HPLC method that uses a synthetic standard compound was developed.
The fungus was observed growing very well in Czapek, Czapek enriched with 2% yeast extract, rice, corn and wheat indicating that these substrates contain the basic nutritional conditions necessary for the development of this microorganism. Four cytochalasins were produced by X. arbuscula when growing in all of the five media; cytochalasin D was the major compound in all media. The minor cytochalasins were identified by LC/MS/MS in previous work as cytochalasins C, Q and Z7 [13] (Figure 1 ). Polar compounds were efficiently removed by clean-up procedures, and most retained compounds in the reversed phase column (steroids and sesquiterpenes) did not interfere with the cytochalasin D quantification. On the other hand, the synthetic N-acetylphenylalanine ethyl ester was found to have appropriate chromatographic behavior to be used as an internal standard for quantification, since it eluted with a retention time near that of the analyte, produced almost the same UV spectrum, and showed a correlation coefficient (r 2 ) of 0.9995. Therefore, HPLC-UV analysis (Figure 2 ) allowed the estimation of cytochalasin D production in the five different cultivation media. Attempts to add the internal standard before extraction did not work because fungal enzymes decomposed the N-acetylphenylalanine ethyl ester to a great extent. The recovery was determined by comparing peak areas of spiked control extract with those of unextracted neat standard solution prepared in methanol. The mean obtained for the areas of spiked control was compared with the area of the standard.
The calculated value for the efficiency of extraction obtained was 90.9%. Thus the method was shown to be reliable for cytochalasin biosynthesis estimation. It was verified that a larger production of cytochalasin D occurred in wheat medium (c.a. 39.55 mg/100 g), followed by Czapek enriched with 2% of yeast extract (c.a. 21 .51 mg/100 g), corn (c.a. 14.23 mg/100 g), rice (c.a. 12.38 mg/100 g) and Czapek (c.a. 6.40 mg/100 g). Cytochalasin biosynthesis follows two convergent paths, one coming from malonyl/acetate and the other appears to be amino acids metabolism [14, 15] . Thus, the chemical composition of each culture medium, mainly carbon and nitrogen sources, should affect cytochalasin D production. Comparing the results of cytochalasin production, e.g. c.a 6.40 and 21.51 mg/100 g, when the basic Czapek [16] and Czapek enriched with yeast extract were used, respectively, it is clear that the presence of free amino acids is an important factor for cytochalasin biosynthesis, since yeast extract is composed mainly of a mixture of amino acids [17] . This finding parallels studies published by other researchers [11] that indicate that cytochalasin producing fungi can make the benzyl isoindolone group even when other amino acids, such as tryptophan, are incorporated into the growing medium, although the phenylalanine unit is apparent as part of the cytochalasin structures. Czapek and Czapek enriched with 2% yeast extract comprise the same composition with respect to glucose as the carbon source and inorganic salts [16] ; but the yeast extract, which is rich in free amino acids [17] , improves cytochalasin D production, while the basal Czapek medium has only NaNO 3 as nitrogen source. Based on the present data and on some studies found in the literature, it appears that the formation of the benzylisoindolone moiety in cytochalasins involves a de novo biosynthetic process. This means that maybe the fungus can use intact phenylalanine, as shown by other researchers [11] , but also it can acquire nitrogen from any other source, including inorganic nitrogen (such as NO 3 -), proteins and amino acids other than phenylalanine, and incorporate it into the benzylisoindolone, which is further coupled with the polyketide chain.
For maximum cytochalasin production, the results obtained when the fungus was cultivated in wheat compared with rice and corn are in accordance with the need of free amino acids in the medium, which is found in higher proportions in wheat. The total free amino acids in wheat [17] (12.34 mg/100 g) and the amount of proteins (15.55 mg/100 g) are probably the main factor for the enhanced cytochalasin production (39.55 mg/100 g). However, this idea seems to fail when the cytochalasin production in rice (11.38 mg/100 g) and corn (14.23 mg/100 g) are compared, since these media contain 6.81 and 2.31 mg [17] of amino acid in 100 g, respectively. A possible explanation is based on the carbohydrate level in these two grains. The main carbohydrate present in wheat, rice, and corn is starch [17] . Accordingly, rice has the major percentage of starch. Possibly the X. arbuscula enzymatic machinery does not have a good ability to use this polysaccharide as a carbon source. On the other hand, corn has about ten times more free sugar than rice, which appears to be an excellent carbon source for fungal growth like sucrose and glucose. Dombroswki et al. [18] studied the effects of diverse carbon sources in the 18-dehydroxy cytochalasin H production by Hypoxylon fragiforme and they verified that sucrose increased the yield of this compound. Wheat shows in its composition some other carbohydrates, such as arabinoxylan, cellulose, arabinogalactan and -glucans [17]. As -glucans are present in the cell walls of fungi [19] , possibly X. arbuscula uses this polysaccharide for its own development and the other sugars are utilized for secondary metabolism. This accounts for the elevated quantity of cytochalasin D found when wheat is used as substrate, beside the highest amounts of proteins and free amino acids. Zabel et al. [20] during their cytochalasin biosynthesis study observed an increase in cytochalasins B and D production when the fungus Helminthosporium dematioideum grew in culture medium supplemented with wheat. However, they did not explain the reason of this enhancement on cytochalasin biosynthesis.
Wheat was determined as the best culture medium for the greatest production of cytochalasin D, followed by Czapek enriched with 2% of yeast extract, corn, rice, and Czapek. However, wheat is a very complex matrix, which may turn the experimental procedures for purification of the fungal metabolites after fermentation into a very difficult and expensive task. In this sense, Czapek enriched with nitrogenous compounds may be a good choice.
The above-discussed results indicate that the endophytic fungus X. arbuscula is a promising producer of cytochalasin D. The highest amount of the target compound was found when wheat was used as the cultivation medium. Overall, the free amino acids and sugars appear to be the main elements to enhance cytochalasin production.
Experimental
Fungal material: A voucher specimen of C. lusitanica (Cupressaceae) has been deposited (No. 7281) in the Herbarium of the Botanic Department of Universidade Federal de São Carlos, Brazil. The strain of X. arbuscula was isolated from healthy tissues of leaves from the host plant after surface sterilization. After isolation, the fungus was conserved in mineral oil and sterilized water, and deposited under the identification code NICL5 at LaBioMMi -Chemistry Department at Universidade Federal de São Carlos, Brazil. Working stocks were prepared with potato-dextroseagar (PDA) medium. The strain was identified as X. arbuscula by phylogenetic analyses conducted with DNA sequences of the Actin gene, compared with reference strains of Xylaria species [21] . One duplicate of the strain is preserved at -80ºC at the Coleção Micológica de Lavras as CML 2568. Cytochalasin D was produced using this strain of X. arbuscula, purified and characterized by spectroscopic methods in our laboratories.
Preparation of CFU suspension:
Colony-forming unit (CFU) suspension was prepared by transferring 100 μL of culture medium with fungus grown for 7 days at 120 rpm to a 15 mL Falcon tube containing 10 mL of sterilized water, mixed on a Vortex (Phoenix -AP 56) and diluted 5 successive times. Then, 100 μL of this suspension was transferred to 3 Petri dishes containing PDA medium and, after 3 developing days 50 colonies/dishes were counted.
Cultivation in liquid medium and extraction:
The liquid media were prepared in triplicates using 8 x 125 mL Erlenmeyer flasks. . 7H 2 O, 0.025 g/L; KCl, 2.5 g/L; and D-glucose, 30.0 g/L) and the other 4 flasks contained 25 mL of Czapek's with 2% of yeast extract medium. The media were autoclaved at 121°C for 15 min then cooled to room temperature. The fungus was inoculated into 6 flasks with 100 μL of UFC suspension and allowed to grow under static conditions in the dark for 20 days. After this period, the cultures were filtered under reduced pressure and extracted with ethyl acetate (3 x 15 mL). The organic layer was dried with anhydrous sodium sulfate. The mycelium was extracted with 25 mL ethyl alcohol for 24 h. Ten mL aliquots of the organic layer and the ethanol extracts were separated and dried under atmospheric pressure for later analysis.
Cultivation in solid medium and extraction:
The microorganism was cultured in triplicate in rice, corn and wheat. Each flask (500 mL) was filled with 100 g of culture medium and 75 mL of distilled water, then autoclaved twice at 121°C for 15 min and cooled to room temperature. The fungus was inoculated (100 μL of the UFC suspension) and the growth was carried out in static conditions for 20 days. The cultures were extracted with 50 mL ethanol followed by 50 mL ethyl acetate, both for 24 h. The ethyl acetate solution was dried with anhydrous sodium sulfate. Aliquots (10 mL) of extracts were separated and dried under atmospheric pressure.
Synthesis and purification of N-acetyl-L-phenylalanine ethyl ester: Firstly, 3.0 g of L-phenylalanine was dissolved in 155 mL of ethanol and 5 mL of concentrated HCl, and refluxed for 22 h. A saturated aqueous solution of NaHCO 3 was added and partitioned with diethyl ether (3 x 60 mL). The organic phase was dried over Na 2 SO 4 and evaporated under reduced pressure. In the second step, about 1.0 g of the phenylalanine ethyl ester, along with 3.0 g of sodium acetate, was dissolved in 60 mL of acetic anhydride. The reaction was stirred at 60 o C for 24 h. The crude product was cooled to ambient temperature and a saturated solution of NaHCO 3 was added until pH 7 and extracted with diethyl ether (3 x 90 mL). The organic phase was dried over Na 2 SO 4 and evaporated. The product was chromatographed on a silica-flash column (70 -230 mesh) (20, 25, 30, 35 and 50% ethyl acetate in n-hexane) yielding 830 mg (68% yield). About 135 mg of the N-acetyl-L-phenylalanine ethyl ester was subjected to final purification performed by preparative reversed-phase HPLC using a Luna Phenyl Hexyl column (21.2 × 250 mm, 10 μm, GL Sciences Inc., Tokyo, Japan) mounted in a Shimadzu SIL-20AP Vp system, with gradient pumps LC20AP, UV detector SPD-20AV, and degasser DGU-20A, giving a white powder (102 mg). The synthesized N-acetyl-L-phenylalanine ethyl ester showed an identical 1 H NMR spectrum to that found in the literature [22] .
Extraction and clean-up:
After drying, all aliquots were submitted to the clean-up process using normal phase cartridges. The dried aliquots were re-dissolved in 9 mL of methylene chloride to which was added 1 mL of the internal standard solution (0.8 mg of N-acetyl-L-phenylalanine ethyl ester per mL of methylene chloride). Before applying the sample, the cartridges (Supelclean LC-Si SPE Tubes of 3 mL) were activated with 10 mL of n-hexane (J.T. Baker HPLC grade). The SPE cartridge was washed with 10 mL of methylene chloride and then eluted with 10 mL of a 4:1 mixture of methylene chloride and ethyl acetate. The eluates, which contained the internal standard and the analyte cytochalalasin D, were analyzed by HPLC-UV.
HPLC analysis:
The HPLC analyses were performed using an Agilent 1200 series chromatographic, which was composed of a system controller, a G311A quaternary pump, an ALS G1329A auto injector, an G1322A degasser, and an G13148 ultraviolet detector. The data were acquired and processed with Agilent ChemStation software. The analytical column used was a reversed phase Luna Phenyl Hexyl (4.6 × 250 mm, 5 μm, GL Sciences Inc., Tokyo, Japan). The binary mobile phase system consisted of Milli Q water and methanol, run as in the gradient program from 35% B to 100% B from 0 to 35 min, 100% B for 10 min, and then decreased to 35% B in 10 min with a flow rate of 1.0 mL/min. The UV detector was set at 210 nm to monitor the eluate.
Quantitative analysis of cytochalasin D:
Quantification was based on relations of peak areas for cytochalasin D and N-acetyl-Lphenylalanine ethyl ester, plotted against concentration. Calibration plots using linear regression analysis were prepared for cytochalasin D. The calibration curve was prepared using a range of concentrations 7.81 -1,000 μg/mL. The recovery was determined by comparing peak areas of spiked control extract with those of neat standard solution prepared in methanol. Percentage extraction recovery was calculated for the efficiency of extraction.
